Abstract: During the present study, we aimed at providing a first look at the elemental composition of the early stages of cephalopods as an approach to their elemental requirements in culture. Essential and non-essential elemental profiles of the European cuttlefish Sepia officinalis, the European squid Loligo vulgaris and the common octopus Octopus vulgaris laboratory hatchlings and wild juveniles were analysed. In addition, for O. vulgaris we determined elemental profiles of mature ovary, eggs in different stages of development and followed possible effects of four dietary treatments during paralarval rearing, also analyzing elemental content of the live preys Artemia nauplii and Maja brachydactyla hatchling zoeae.
Introduction
Minerals are required for the maintenance of normal metabolic and physiological functions of living organisms. The main functions of essential elements in the animal body include the formation of skeletal structure, maintenance of colloidal systems, regulation of acid-base equilibrium and they are important components of hormones, enzymes and structural proteins (e.g. Simkiss, 1979; Williams, 1981; Lall, 2002) . The present knowledge of the elemental composition of cephalopods mainly comes from subadult and adult forms and has focused on selected organs or body portions (see between others, Miramand and Bentley, 1992; Bustamante et al., 2000; Ichihashi et al., 2001a; Napoleao et al., 2005a) . Most of these studies have highlighted the very high ability of cephalopods to concentrate various toxic elements such as Ag or Cd (e.g. Martin and Flegal, 1975; Bustamante et al., 1998a Bustamante et al., , 2002a Bustamante et al., , 2004 ) and radionuclides such as 241 Am, 4 2004, 2006) . Element transport selectivity through the eggshell is apparently not determined by the metabolic needs of the embryo for essential elements, since the non biologically essential element Ag is well known for its enhanced embryotoxicity (Calabrese et al., 1973; Martin et al., 1981; Warnau et al., 1996) . By another hand, no information exist on the incorporation of elements by eggs in cephalopod species that lack eggshell, as in the incirrate octopods (in ex., Octopus vulgaris) which egg chorion is in direct contact with seawater. Overall, after the hatchling, accumulation of toxic elements shows two patterns with 1) metals such as Ag which is accumulated immediately since juveniles are in direct contact with seawater 2) metals such as Cd or Pb which are significantly incorporated only once the cephalopods start to feed (Miramand et al., 2006) . After first feeding most part of the elements can be assumed to be incorporated from the diet and it is known that in juvenile cuttlefish Sepia officinalis the diet influences the elemental composition of the calcareous statoliths (Zumholz et al., in press ). However, the behaviour of most of essential elements remains poorly understood to date according to the bioaccumulation processes or to the nutritional needs of cephalopod paralarvae and juveniles.
Due to their rapid growth and market price, the culture of cephalopods has been an increasing area of interest (Walsh et al., 2002; García García et al., 2004; Nabhitabhata et al., 2005; Sykes et al., 2006) . However, the rearing of the delicate early stages seems to be the main bottleneck to develop the aquaculture of some species such as S. officinalis (Domingues et al., 2001, 
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The present work follows this research topic aiming at taking a first insight on the elemental requirements of the paralarval and juvenile stages of cephalopods in culture.
First, we determined the elemental composition of laboratory hatchlings and wild juveniles of three shallow water cephalopod species that represent the main cephalopod orders, all of them of high commercial interest: the European cuttlefish S. officinalis, the European squid Loligo vulgaris and the common octopus, O. vulgaris. Second, for O. vulgaris we determined the same elemental profiles in mature ovary, eggs in different stages of development, hatchlings fasted during 4 days, paralarvae reared to 20 days with four dietary treatments, and the Artemia nauplii used as food during these experiments. In addition, we analyzed hatchling zoeae of the spider crab Maja brachydactyla, a prey that has been successfully used previously as food resource for rearing O. vulgaris during the planktonic stage (Carrasco et al., 2003; Iglesias et al., 2004) .
Following Mason and Jenkins (1995) , we divided here the analyzed elements as essential elements (As, Ca, Cr, Co, Cu, Fe, K, Mg, Mn, Na, Ni, P, Rb, S, Sr, Zn) and non-essential elements (Ag, Al, Ba, Cd, Hg, Pb). Even Sr is generally reported as a non-essential element for biota, it is essential for cephalopods according to Hanlon et al. (1989) (see above) . The knowledge about the essential character and function of each element in cephalopods is poorly known and this classification may change according with future research.
Material and Methods

Collection of material
Cephalopod hatchlings and wild juveniles
Specimens analyzed here were used also to obtain their amino acid composition in a previous published study (Villanueva et al., 2004) where detailed information on the collection of material is indicated. In short, egg masses of S. officinalis and L. vulgaris were collected off Barcelona (NW Mediterranean) and egg masses of Octopus vulgaris were obtained from a broodstock maintained in the Institut de Ciències del Mar (ICM), Barcelona. Healthy individuals of all three species were preserved during the first 24 h after hatching in the laboratory. The samples were hal-00697229, version 1 -14 May 2012 7 obtained from the freeze-dried paralarvae, which were stored again at −80 °C for subsequent elemental analysis (see below).
Feeding treatments of Octopus vulgaris paralarvae
All treatments were fed enriched Artemia nauplii (AF, INVE Aquaculture) 450 µm in length, which were provided from day 0 to day 20 at a ration of 6-7 nauplii ml −1 d −1
. Artemia nauplii were enriched in seawater for 24 h at 28 °C with on e of the following enrichment diets: a) Diet of L-methionine (Sigma Products). To test the influence of the presence of amino acids in seawater, essential L-amino acids in crystalline form (Sigma Products) were added to the rearing tanks (see Villanueva et al., 2004 for details) and four treatments were tested, 1) Control group: paralarvae were fed Artemia nauplii enriched with Diet SS; 2) MET group: paralarvae were fed Artemia nauplii enriched with Diet MET; 3) AA group: paralarvae were fed Artemia nauplii enriched with Diet SS and they also received a daily amino acids solution in the rearing tank, and, 4) METAA group: paralarvae were fed Artemia nauplii enriched with Diet MET and they also received a daily amino acids solution in the rearing tank. An unfed group was also maintained from the hatchling stage to day 4.
Paralarval preys
The elemental compositions of Artemia nauplii from the Diet SS and Diet MET groups, as well as the elemental composition of recently hatched zoeae of spider crab M. brachydactyla were analysed. These zoeae (not used as food during the present study) have been used previously with success as a food resource for rearing O. vulgaris (Carrasco et al., 2003; Iglesias et al., 2004) during the first 2 months of paralarval life. Samples were collected and preserved as described for the cephalopod paralarvae.
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Mature ovary and eggs of Octopus vulgaris
Ovary samples were obtained from a wild mature female, 2900 g total fresh weight, collected off Barcelona. Eggs of stage I-II and X-XII (Naef, 1928) were collected from egg masses obtained in the laboratory.
Analytical
Elemental profiles
Elemental analyses were carried out at the Serveis Cientificotècnics, Universitat de Barcelona.
All elemental analyses were made from three 25 mg dry weight aliquotes. Homogenized dry samples were digested with 1 ml HNO 3 and 1 ml H 2 O 2 ("Baker Instra") in 60 ml 3). After 4 d of fasting, hatchlings lost 28% of their dry weight, decreasing their content in Cu, K, Mn, P and Rb, and increasing their levels of Ag, As, Ca, Fe, Sr and Zn (Table 3 ).
In O. vulgaris paralarvae after 20 d of rearing, no significant differences were found for Ag, Ba, Ca, Co, Fe, K, Rb, Sr and Zn contents between the four feeding treatments. Groups that reached the low survival (Control and MET groups, survival of 13-17%) have lower levels of Mg and S than groups with higher survival (AA and METAA groups, survival of 41-54%) ( Table 4 ).
Arsenic and Cu reach also the higher levels on the group with best survival (METAA group, Table 4 ); however, all reared individuals decrease their Cu levels to nearly half percent of the hatchling Cu content, decreasing also As. In contrast, Zn increased notably from the hatchling levels as Ag, Ba, Cd, and Pb. These differences were maintained when comparing with the wild juveniles. In this way, the elemental profile of the reared paralarvae from the Control group, in comparison with the "natural" profile of the hatchlings and wild juveniles, showed low content in
As, Cu, Mg and S, and high content in Ag and Zn (Figs. 1, 2 and 3).
Elemental composition of the prey, Artemia and Maja zoeae, are shown in Table 5 . The main element in both species was Na, with higher content in the spider crab zoeae. Elemental profiles of both prey differ notably. Concentration of Ca and Sr in Maja were nearly 40 times higher than that of Artemia, and Cu and Mg were also 8 and 5 times respectively higher in Maja. As expected, enrichment of Artemia by methionine (Artemia MET nauplii) resulted in a higher S content in these nauplii due to the S richness of this amino acid. However, these enriched Artemia do not reach the S content of the Maja zoeae. By another hand, Artemia nauplii were rich in Fe and Ni. No differences between Artemia and Maja were found in Cd, K, Mn, P and Zn content.
Discussion
Elemental content profiles of early stages of cephalopods
First investigations about trace elements in cephalopods have focused on essential elements, particularly on Cu because of its role in the haemocyanin (Ghiretti-Magaldi et al., 1958; Rocca, hal-00697229, version 1 -14 May 2012 Nardi et al., 1971; Nardi and Steinberg, 1974) and to the interactions with non-essential elements (e.g., Martin and Flegal, 1975; Miramand and Guary, 1980; Smith et al., 1984; Finger and Smith, 1987; Miramand and Bentley, 1992) . Most of these studies concerned a single organ, mainly the digestive gland known to play a major role in the energetic metabolism of cephalopods, and also on the branchial hearts and their appendages which are involved in the excretion processes. These different works although limited to a narrow number of cephalopod species have clearly shown that these organs are deeply involved in the metabolism of Ag, Cd, Pu for the branchial hearts (Renzoni et al., 1973; Nardi and Steinberg, 1974; Martin and Flegal, 1975; Miramand and Guary, 1980; Guary et al., 1981; Smith et al., 1984; Finger and Smith, 1987; Miramand and Bentley, 1992; Bustamante et al., in press ). Conversely, a limited number of studies have determined the concentrations in reproductive tissues as ovary and testis, and in the eggs (e.g. Bustamante et al., 1998b; Gerpe et al., 2000; Craig and Overnell, 2003; Seixas et al., 2005; Miramand et al., 2006) . These results were obtained with cephalopod collected from the field focusing on the levels of non-essential metals to infer their potentially toxic effects on the reproductive tissues and/or on the embryos. However, to the best of our knowledge the metabolic requirements of trace elements have not been studied to date in cephalopods.
The elemental composition of the octopus ovary and of the eggs, hatchlings and juveniles of the three cephalopod species analyzed here showed a high content in S. This high level can be expected because of the protein-rich, muscular body that characterizes cephalopods (Lee, 1994; Villanueva et al., 2004) . oualaniensis (3400 µg.g −1 wet weight) (Ichihashi et al., 2001a,b) . Sulphur is also abundant in the composition of hard structures of cephalopods such as the chitin of beaks (Hunt and Nixon, 1981) , the vestigial shell of adult O. vulgaris (Napoleao et al., 2005b) , the gladius of adult S.
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oualaniensis (Ichihashi et al., 2001a) , and the eggshell of the cirrate octopods (Villanueva, 1992) .
The calcified shell of the cuttlefish originates the main structural and compositional difference among the species studied resulting in levels of Ca for S. officinalis more that five times that other hatchlings, in addition to remarkable high levels of Sr. In S. officinalis, the shell represents around 6% of the dry weight at hatching (Villanueva et al., 2004) 13 essential elements and also for some of the non-essentials (i.e., Ag and Pb). This difference with encased eggs could be due to the absorption of these elements from the seawater during the embryonic development in O. vulgaris.
Differences on the elemental composition during the ontogenetic development have been observed in cephalopods depending on the considered element and on the species (Bustamante, 1998) . The content in non-essential elements found in the three species analyzed here seems to be lower in comparison with subadult and adult stages of coastal cephalopods (Miramand and Guary, 1980; Miramand and Bentley, 1992; Seixas et al., 2005; Miramand et al., 2006) . By another hand, levels of some essential elements are found in higher concentrations in the digestive gland of juvenile that adult squids S. oualaniensis for Ca, Cr, Na, Mg and Sr, and
Loligo forbesi for Cd, which may attributable to diet ontogenetic changes (Ichihashi et al., 2001a; Stowasser et al., 2005) .
Elemental requirements for early stages of cephalopods: an approach
Cephalopods are carnivorous, active predators and because they have very high feeding rates, most part of the elements can be assumed to be incorporated by the diet. However, absorption also takes place from seawater, as it occurs for instance for Ag (Bustamante et al., 2004; Miramand et al., 2006) and also probably for Hg (Bustamante et al., in press ). In addition to an osmotic uptake through the gills and the body surface, in cephalopods seawater is taken into the gut by the mouth and rectal pumping and the digestive gland appendages are the principal site of fluid uptake, regulating ion balance (Wells and Wells, 1989) . To the best of our knowledge, no data on the respective proportions of the elements incorporated from food and seawater has been published to date for cephalopods. Fishes can take up significant amounts of Ca, K, Mg and Na from seawater (Lall, 2002) ; however, feed is the major source of essential elements such as Cu, Fe, Mn, P and Zn, which have low concentrations in seawater (Watanabe et al., 1997) . A similar relationship can also be expected for cephalopods.
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An interesting element in cephalopods is Cu. This metal is required in large concentrations in cephalopods as it works as a respiratory pigment in haemocyanin which represents 98% of their blood proteins (Ghiretti, 1966; D'Aniello et al., 1986) . From the literature, levels of Cu are reported for the gills, branchial hearts, digestive gland and muscle of adult cephalopods, including O. vulgaris (for recent literature review see Table 6 of Napoleao et al., 2005a (Rainbow, 1988; Zauke and Petri, 1993) . These estimated requirements for adult octopus are similar, reaching levels of 26 and 92 µg.g −1 of Cu, respectively (White and Rainbow, 1985) .
Crustaceans constitute the main prey of many cephalopod species, particularly during paralarval and juvenile stages (Vecchione, 1991; Passarella and Hopkins, 1991) and crabs are the preferred prey of adult octopus in the wild (Nixon, 1987) , between other reasons, probably , see Table 5 ) may be considered as an optimal estimation of the Cu feeding requirement for O. vulgaris paralarvae under culture conditions. The deficient nutrient composition of Artemia as the sole larval food for O. vulgaris paralarvae is well known, particularly for lipid requirements Villanueva, 2000, 2003; Villanueva et al., 2002) .
However, in addition to other nutritional requirements, mainly from lipidic origin, Cu seems to be an important element on the paralarval octopus diet. Future studies are necessary to quantify these Cu dietary needs may testing a possible lipid+bioavailable Cu enriched Artemia suitable for paralarval octopus culture. To this respect, it should be borne in mind that Cu uptake by
Artemia is influenced by pH and temperature (Blust et al., 1988 (Blust et al., , 1994 .
In samples with low levels of Cu (fasted or reared paralarvae), Zn content increase notably compared to the hatchling or juvenile wild octopus Zn contents, that showed higher level of Cu.
Similarly to Cd, Fe and Mo, Zn can act as a metabolic antagonist of Cu because of their similar nature of the valence shell hybrids and they compete for binding sites on proteins responsible for mineral absorption and/or synthesis of metalloenzymes (Watanabe et al., 1997; Lall, 2002) .
However, the details of such mechanisms in cephalopods are little known (Craig and Overnell, 2003) . In adult octopus, enzymatic requirements have been estimated to be around 35 µg.g −1 of
Zn and the total metabolic requirements (enzymes and haemocyanin) to be around 81 µg.g −1 (White and Rainbow, 1985) . Zn is involved in numerous protein functions such as the carbonic anhydrase and is efficiently absorbed and strongly retained in S. officinalis both from the food and seawater pathways. In this species, the assimilation efficiency (AE) of Zn from food was higher for juveniles (AE=63%) than for adults (AE=41%) which may result from higher metabolic requirements in juveniles (Bustamante et al., 2002a,b) .
In the reared O. vulgaris individuals, As, Mg and S also exhibited lower content in comparison with the "natural" profile of the hatchlings and wild juveniles ( Figs. 1 and 2 ). In addition, Mg and S have lower contents on the reared groups with poor survival. The reduction of S concentrations may be due to a loss of muscle material and/or to the use of muscular protein to allow the organism at surviving. In fact, direct mobilization of muscle protein provides metabolic energy during periods of starvation in adult octopus (O'Dor et al., 1984) . Magnesium is an essential cofactor in many enzymatic reactions in intermediary metabolism, however, the Mg requirements for cephalopods are unknown. The high Mg content in seawater makes not hal-00697229, version 1 -14 May 2012
necessary to supplement diets of seawater fishes as they obtain Mg by drinking (Lall, 2002 ) and a similar way can be expected for cephalopods. The content of As in the arms of adult O.
vulgaris was supposed to be mainly under the non toxic form, i.e., arsenobetaine (Seixas et al., 2005) . The role of this element in early stages of cephalopods is also unknown.
Conclusion
Comparison of element concentrations in the eggs of cuttlefish, squid and octopus show that cephalopods may have developed different strategies regarding elemental requirements of the embryos with 1) eggs protected by an eggshell preventing from the incorporation of waterborne elements whatever they are essential or not 2) eggs with a chorion in direct contact with seawater, allowing the incorporation of various dissolved elements. However, in both cases, non-essential element concentrations remained globally low compared to juveniles or adults. On another hand, the present results on the elemental composition and both natural and artificial food strongly suggest that cephalopod paralarvae and juveniles must require a food rich in Cu.
This is particularly clear for the octopus paralarvae and is probably related with the haemocyanin requirements for oxygen transport. In addition, the Ca requirements of the cuttlefish are also particularly high due to the well developed calcareous internal shell. At the present, the knowledge on the proportion of essential element incorporation from seawater or by food is lacking in this group of carnivorous molluscs and new research is urgently needed to understand the elemental requirements of cephalopods in culture.
Sarzanini, C., Mentasti, E., Abollino, O., Fasano, M., Aime, S., 1992. hal-00697229, version 1 -14 May 2012 Table 1 . Means ± SD of the wet and dry weights (in mg ind -1 ), and the essential and non-essential elemental content (in µg g -1 of dry weight) of Sepia officinalis, Loligo vulgaris and Octopus vulgaris hatchlings. Elemental analyses were made from at least three replicates. Means ± SD with same superscript letters for the same element, denotes no statistical differences within the species (P>0.05).
Sepia officinalis Loligo vulgaris Octopus vulgaris
Wet weight 82.1 ± 5. ), and the essential and non-essential elemental content (in µg g -1 of dry weight) in six individuals of Sepia officinalis, and five individuals of Loligo vulgaris and Octopus vulgaris wild juveniles. Elemental analysis were made from at least three replicates for each individual, with the exception for an O. vulgaris specimen 3671 mg dry weight, with only two replicates. Correlation (R 2 ) between dry weight and concentration of the element is indicated and probability values (P) with significant correlations are indicated in bold face. Elemental content in these wild juveniles in comparison with hatchling content is also indicated. N.S., not significant differences, P>0.05.
Sepia officinalis
Mean ± SD range R ) in hatchlings correspond to the means ± SD. Elemental analyses were made from at least three replicates. Means ± SD with same superscript letters for ovary and eggs, and for hatchlings and fasted for dry weight and for the same element, denotes no statistical differences within the group (P>0.05).
Octopus vulgaris
Mature ovary Table 5 . Means ± SD of the essential and non-essential elemental content (in µg g -1 of dry weight) of Artemia nauplii (used as food during the present study for cultures of Octopus vulgaris paralarvae) and hatchling decapod crab zoeae Maja brachydactyla (used as food for O. vulgaris paralarvae in previous studies). Artemia SS was enriched only with SuperSelco ® , Artemia MET was enriched with SuperSelco ® plus Methionine (see Material and Methods). Elemental analyses were made from at least three replicates. Means ± SD with same superscript letters for the same element, denotes no statistical differences within the prey (P>0.05).
Artemia SS nauplii
Artemia MET nauplii Maja brachydactyla zoeae 
Major essential elements
